A mathematical model of hydrological simulation quasi-3D is described. The model is suitable to simulate the hydrological behaviour in flat land considering interactions between the surface zone, vadose zone (UZ) and saturated zone (SZ). The space domain is discretized in layers of surface and underground cells. In each cell, the model can quantify state variables dynamically (interception, surface storage, UZ and SZ storages) and exchange flows (evapotranspiration, infiltration, surface and groundwater flows, flow through constrictions). This aptitude of connecting surface and groundwater hydrology enables the model to predict changes in the hydrological process due to human activities at basin scale as well as long term impacts. In this paper results of the application and calibration of the model for the Ludueña Stream System (Santa Fe, Argentina) are described. The model was run to evaluate the hydrological effects that arise out of four extensive irrigation scenarios in the Ludueña Stream basin. The simulation is done for a period of twenty years. The considered scenarios are as follows: #0 corresponds to the present situation in the basin, for which the model was calibrated; #1, #2 and #3 are three hypothetical scenarios where the soil moisture levels are 60%, 75% and 90% of the field capacity, respectively. It is demonstrated that scenario #1 does not have great consequences for the hydrological process and does not contribute to groundwater vulnerability. The results for scenario #2 present important consequences for the hydrological process of the real system. An increment in the recharge of the aquifer is found, modifying the groundwater table, with higher impact in low areas. The vulnerability to the contamination processes rises considerably towards the basin head. For scenario #3, the hydrological process has a very significant variation, not only for the mean and extreme hydrological values but also for the space patterns. The groundwater level is greatly increased reaching a situation of high vulnerability in terms of contamination processes. From these results, we conclude that scenarios #2 and #3 are unfeasible as far as sustainable irrigation is concerned.
Introduction
The use of a natural resource should be accompanied by an analysis of the effects over the involved ecosystem and its sustainability in the long run. The main objective of this work is to quantify the impact on the hydrological processes and the vulnerability of groundwater to pollution effects, when irrigation water is increased in a flatland system.
In order to do this a hydrological model capable of simulating flow and storage in the long term was developed. The model, called SHALL3, works with distributed parameters and allows a continuous operation. It considers groundwater and surface flows, together with vertical flow -towards the aquifer and the atmosphere. The space domain is divided in interconnected cells where flow and water balances are quantified [15] .
To ensure that the model would provide hydrological responses consistent with the studied flatland system, the conditions corresponding to the three mentioned hypothetical irrigation scenarios were generated. Therefore synthetic series of hourly storms and daily evapotranspiration were built. The analysis is made for the long term, simulating the behaviour of the system running SHALL3 over twenty years of data.
Vertical fluxes simulation

Surface hydrological processes
The volumes intercepted by the vegetation are simulated by means of a temporary storage limited by a maximum capacity of interception, which depends on the crop type. Total precipitation is affected by the percentage of covering that depends on the cultivated area per cell, and on the crop type and its development. The surface storage is defined as the portion of rainfall that is intercepted or stored in depressions that will not reach the basin outlet. In the model the surface storage is considered as a maximum capacity to be supplied once interception has been satisfied.
Hydrological processes in unsaturated zone
Moisture distribution in the vadose zone (UZ) and fluxes interchange with the atmosphere and the phreatic aquifer are calculated using Richard's equation. It was convenient to solve this equation in terms of moisture content since it allows knowing one of the variables of the hydrological balance in a direct way. The flow is considered only in the vertical direction and water extraction due to crop transpiration is reckoned. In this work, Brooks-Corey relationships have been adopted as the retention model curve. Hysteresis between drying and wetting has not been considered. The unsaturated porous media is discretized in cells, spanning the area from the surface to the watertable. The differential equations are solved by an explicit finite difference numerical scheme. The scheme is spatially centered and progressive in time. In the boundary of the cells flow exchanges are evaluated and in the center of the cells moisture contents are considered. Analyses of stability and convergence have been carried out and the results of the scheme were contrasted with benchmark problems where the analytical solution is known and with other techniques and numerical schemes. Consistency was proven in all the situations, confirming the validation of the proposed scheme [11] .
Boundary conditions are imposed in the surface (upper boundary), where the infiltration is given considering precipitation and possible surplus of surface storage during a rainy period. For dry periods, if the volume intercepted and stored in surface does not cover the evapotranspiration demand, crop roots extract water of the soil. The Feddes et al. model was used to estimate the actual evapotranspiration [1] . The model limits the rate of maximum evapotranspiration by means of a function of extraction 0 <ß(Ψ)<1 where Ψ is the matrix potential.
A homogeneous distribution of the roots is assumed in the soil. For those cells in the lower boundary, which are included into the aquifer, saturation moisture is imposed as boundary condition. The group of saturated cells depends on the phreatic level, and this is calculated dynamically in the general model.
Horizontal fluxes simulation
Models that simulate horizontal fluxes, both surface and ground water, are based on cell schemes [2] . These models simulate multidirectional flow considering the flow exchange among cells by one-dimensional flow laws.
This approach allows division of the space domain in "layers" of homologous homogeneous sub-domains: surface and underground cells. The cells are linked by the vertical flows, as previously described. The governing equations consider in this approach are the continuity equation and the momentum equation. The latter equation, simplified in various fashions to represent the discharge between cells, complements the numerical scheme.
A spectrum of discharge laws for surface flow can be considered, such as kinematic approach, dynamic approach equation, etc. These laws allow the routing simulation for rivers, channels, flood valleys, urban streets and conduit networks. To account for local discharges from hydraulic structures laws for bridges, spillways, drains, section changes and pumping stations were developed [4] [5] [6] . Groundwater flow is simulated by means of Darcy's law formulation [7] . The continuity equation applies to each cell ( Figure 1 ). Two hypotheses are assumed: (a) The water volume stored in a cell is directly related to its water level, and (b) the discharge between two adjacent cells at a given time is a function of the water level in the connected cells [2] .
The governing equations are approximated by an implicit finite difference numerical scheme. The resulting system of equations is solved using an algorithm based on the Gauss-Seidel iterative method [7] .
Three types of boundary conditions apply: Scheme of assemble between surface, unsaturated and groundwater cells. A o . S a n L o r e n z o C a n a l C a n d e la r ia
Figure 2:
Ludueña system: ubication and spatial division.
Implementation of SHALL3 in the Ludueña stream basin
The conditions in adjacent boundaries are applied. The unsaturated zone was divided in 70 vertical cells (depths about of 18 m.). The lower cells are submerged in the saturated zone. A spatial step of 0.25m was adopted and the temporal steps were 360 seconds. This guarantees stability and convergence conditions of the numerical scheme [11] . The vertical hydraulic conductivity for each cell was estimated using an areal weighting technique, that considers soil series, their associations, textural compositions, and saline contents [13] . Interception storages were estimated per crop. Covering percentage and root depth were estimated considering the cultivated areas by cell, types of crops and degree of growth according to daily periods. Surface storage was detected by means of aerial photographs. The topography was obtained from cartography maps -scale 1:50000.
Calibration of the model
Although SHALL3 was conceived as a physically based model, an adjustment of parameters was necessary to reduce uncertainties or heterogeneities in the characteristics of soils [14] . Vertical and horizontal hydraulic conductivities were considered as calibration parameters. A good agreement between model and real system was reached ( Figure 3 ) calculating runoff in the control section (r 2 = 0.9747) and phreatic levels (r 2 = 0.8917) in Zavalla experimental station ( Figure  4 ). The soil moisture estimated by the SHALL3 model for a one meter deep, was contrasted against measured values from the Zavalla station. General tendencies in the evolution of moisture were reproduced. Under these conditions, the adjustment was considered satisfactory. Observed and calculated runoff. high transmisivities. The Puelche aquifer is some 45m deep, separated from the phreatic one by a silt aquiclude. Therefore, the interaction between the Puelche and phreatic aquifers is can be considered as minimum. In all cases the behaviour of the Ludueña Stream system was analysed for a twenty year period. Hence, synthetic series of storms and evapotranspiration were specifically designed. Observed and calculated phreatic levels.
Use of the model for irrigation impact evaluation
Synthetic series of storms
Synthetic series of storms, with similar statistical properties to the observed ones, had been previously generated [10] . Local rainfall data was analysed through five variables: duration of the rain, time between events, average and maximum intensity of the rain and storm advance coefficient. The variables were classified into independent (first three variables) and dependent (last two variables). Probability distribution functions were fitted for the independent variables. Multiplicative relationships were proposed for dependent variables and its coefficients were previously adjusted. The statistical characteristics of the synthetic series were calculated and compared with the data series. Good agreement between calculated and measured series was obtained. Sets of date and time of storm beginning, duration, maximum and average intensity and advance coefficient were synthetically generated. Triangular hyetographs were accepted since they present high frequencies of occurrence [10] . In the twenty year period of simulation 1 293 rain events were included, about 65 storms per year, totalling 952.9 mm of annual precipitation, that is widely representative of the regional statistics.
Synthetic series of evapotranspiration data
Synthetic generation of potential evapotranspiration data affected by a tank coefficient was carried out. In order to fit the parameters to the generating model, an observed data series (1992-1994) of tank "A" (Zavalla experimental station) was taken into account. Periodogram of observed data showed a strong component with annual frequency. A simple model was built, with a deterministic senoidal component together with a random component -a white noise distribution, noise with a normal distribution, null average µ and non-null variance σ.
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Simulation scenarios
Current scenario (Scenario # 0): The typical crops are soybean, wheat and corn. The cultivated area in the Ludueña Stream basin occupies between 85% and 90% of the whole drainage area. Irrigation scenarios: During the irrigation season, it should be guaranteed that the moisture state of the soil profile is kept between 60% and 90% of the field capacity (FC), then the irrigation doses (norms) should provide the differences between the actual moisture state and the ideal one. The simulations were carried out under three-irrigation hypothesis: Scenario # 1: Optimum moisture is 60% of FC during the irrigation days. Scenario # 2: Idem with a 75% of field capacity. Scenario # 3: idem with a 90% of field capacity.
Results and discussion
As previously stated the model was run for four simulation scenarios. The yearly average values, along the 20 year period, actual evapotranspiration ETR, phreatic recharge B, surface runoff Q, groundwater flow Q G and irrigation rates IR, are shown in the Table 1 . An increment of the ETR can be observed with irrigation rate increments; there is a higher water offer to satisfy the atmospheric demand. Also, the groundwater recharge considerably increases when irrigation rates rise. The runoff does not experience variations, except for the last scenario but without establishing an important change in the magnitude of the hydrological process. It could be proven that the runoff volumes depend essentially on the rain intensity, more than on the antecedent moisture conditions Human activity in the basin has led to an impermeabilization process of the system, causing quick responses that depend on the rainfall regime -rain intensity, magnitude and frequency [9] . Table 2 shows destinations of the irrigation volumes.
Analyzing the destinations reached by the complementary irrigation would indicate that approximately between 20% to 40% of the whole volume returns to the atmosphere as ETR, 10% is groundwater flow and the remaining 70% to 50% would be distributed as underground storage. Runoff has little changes. The obtained results are in good agreement with previous applications of other models [12] . A distributed analysis for each simulation cell was carried out. In the natural system, the upper zone has the deeper phreatic levels (about 10 m), and the lower lands located in the center-west and northeast sectors have shallow groundwater levels (less than 3 m). The maximum increment of phreatic levels, with regard to the scenario 0, can be found in the upper sectors of the basin, for all irrigation scenarios. However, the highest impacts are found in the lower sector of the catchment due to the shallow groundwater levels (Table 3) .
To analyse an average behaviour of the system in the different simulation scenarios, the typical year of the series was identified for each analysed variable. This was determined by selecting a year with the smallest deviation among the annual values and with the specified average for the whole series. Table 3 :
Average increment of phreatic levels (in m) along simulation period for representative cells of the system. For scenario # 0, low sectors with shallow phreatic levels produce greater rates of evapotranspiration than average areal values. This space pattern was not affected in the scenarios # 1 and # 2. For scenario # 3, shallow phreatic levels appear in almost all sectors of the system, causing uniformity in the evapotranspiration rates.
The recharge for scenario # 0 shows behaviours remarkably dissimilar in upper and lower sectors, both divided by the iso-line of null recharge ( Figure 6 ). The West sector presents the biggest phreatic depths and permeable soils, becoming the recharge area. The East sector, that includes low sectors, constitutes the discharge area. The irrigation actions alter this scheme giving rise to isolated areas with moisture ascension and groundwater recharge according to the irrigation volumes. Scenario #3 presents recharge processes due to the higher irrigation rates in the whole hydro-system, with the exception of the lower sector (Figure 7) . It could be observed that for scenario #0 the lower sector of the system produces the biggest runoff volumes. The patterns of this space distribution are not changed with the irrigation actions. Scenario #3 causes an increase of the runoff although it is not as significant as the other hydrological processes.
The analysis mentioned so far was also carried out for dry and humid years. Significant variations in the annual totals (Table 4) The hydrological system under study, as most of the systems in the Argentinean plain, is subject to human activities that are likely to generate subsoil pollution.
The intense agricultural activity generates processes of diffuse pollution in rural areas. In this frame, extensive irrigation facilitates a quicker percolation of chemical compounds by lixiviation, mostly when the irrigation rates are not controlled. The risk of contamination is a factor that depends on the vulnerability of the aquifers and on the polluting load. The vulnerability of an aquifer represents the sensibility to be adversely affected by a polluting load [3] .
www.witpress.com, ISSN 1743-3541 (on-line) Vulnerability maps of phreatic aquifers are presented for scenarios #0 and #3. These maps constitute a measure of the contamination risk. For the evaluation of vulnerability indexes of the aquifer, the DRASTIC method [8] was applied. Average depths and recharges for each aquifer cell were considered in the simulation period and for each simulation scenario.
Analysing processes of contamination due to the use of pesticides for scenario #0, it can be observed that the upper sectors of the system are found to be potentially vulnerable, with worse conditions for the north sub-sector where the vulnerability can be considered high (Figure 8 ). For scenario #1 there are no important changes in the vulnerability, respect to scenario 0. For scenarios #2 and #3, the vulnerability is considerably increased. It is possible to identify two sectors in the hydrological system: an area of high vulnerability located in the upper sector and another of moderate to high vulnerability in the rest of the system (Figure 9 ).
Conclusions
It is important to highlight the versatility that presents a model based in cell schemes for modelling hydrological processes. The cells define a unit of spatial domain, which do not need to be equidistant nor to have the same physical properties. The cells can represent elements of heterogeneous characteristics linked by physical laws that correspond to the type of flow among these elements.
The hydrological model SHALL3 have allowed a detailed evaluation of the impact generated by a hypothetical extensive irrigation in the hydrological system of the Ludueña Stream. The adjustments to the runoff, phreatic levels and humidities obtained during the calibration period can be considered as satisfactory, validating the model for later simulations.
The irrigation scenario # 1 (60% of field capacity) would not bring important consequences for the hydrological processes of the real system nor would complicate the contamination process.
For the irrigation scenario # 2 (75% of field capacity), moderate increases of the annual maximum evapotranspiration and phreatic recharges are observed. This scenario would bring important consequences to the hydrological processes of the real system, mainly increasing recharges and phreatic levels with more impact in lower areas. The vulnerability to contamination processes rises considerably in the upper sectors of the system.
For the irrigation scenario # 3 (90% of field capacity), the hydrological processes suffer highly significant variations, both in the average and extreme values as well as in the space patterns, leading to an important increase in the phreatic level. Summarizing, this irrigation scenario would bring consequences of great magnitude for the hydrological processes of the whole system, as well as for the vulnerability to contamination processes. All these impacts make this irrigation hypothesis unfeasible from the environmental point of view.
Contrary to what was expected, the runoff does not reflect significant changes due to irrigation actions. This implies a sign of impermeabilization of the basin, www.witpress.com, ISSN 1743-3541 (on-line) since the runoff becomes independent of the antecedent condition and it only depends on the intensity of the rainfall.
